4U 0352]30 (X Persei) is a low-luminosity binary X-ray pulsar with a pulse period of 835 s. We present timing and spectral analysis of a Ginga observation of X Persei from 1990 January 26 to January 29. The observation shows the peculiar spectral behavior of X Persei : the pulse-averaged hardness ratio exhibits a sharp hardening episode at phase minimum of the light curve. In order to explain the shape of the observed hardness ratio, we discuss the possible geometry of the emitting region. Simple models of fan emission from a hollow accretion column can reproduce the qualitative features of the observed light curve and hardness ratio.
INTRODUCTION
4U 0352]30 is a low-luminosity ergs s~1) (L X^1 033 binary X-ray pulsar with a pulse period of 835 s (White, Mason, & Sanford et al. and a Be 1976, 1977 ; Margon 1977) 1972 ; Weisskopf 1984) . of the pulse period from the Ðrst observation in 1972 to the last in 1986 show both spin-up and spin-down phases. The orbital period is unknown at present. The 580 day optical radial velocity variation discussed by et al. Hutchings (1974) was not conÐrmed by & Vogt Pernod (1985) . An analysis of the mass-loss rate from the companion star et al. and of the spin period derivative (White 1982) et al. shows that the compact X-ray source (Weisskopf 1984 ) is a neutron star rather than a white dwarf. Swank Many of the published 2È20 keV spectra are consistent with thermal bremsstrahlung emission from an optically thin plasma with a temperature in the range 7È12 keV et al. White et al. while T enma (Becker 1979 ; ), et al. and EXOSAT & Warwick (Murakami 1987 (Robba spectra are better Ðt by the canonical model for X-ray 1989) pulsars, i.e., a power-law spectrum with a photon index in the range 0.6È1.7, modiÐed by a high-energy cuto †. A power-law tail at high energy has been reported (1993) . by several authors et al. et al. (Mushotzky 1977 ; Frontera et al. et al. et al. 1979 ; Worrall 1981 ; White 1982 ; Frontera 1985) .
In this paper, we present the results of a temporal and spectral analysis performed on a Ginga observation of X Per and discuss them in terms of a possible structure of the accretion column.
OBSERVATION AND ANALYSIS
X Per was observed with the eight sets of the large area proportional counter experiment (LAC) et al. (Turner 1989 ) on board the Japanese X-ray astronomy satellite Ginga et al. from 1990 January 26 to January 29. (Makino 1987) , The observation was made in MPC-2 mode, which provides 48 pulse-height channels, covering the full (1È37 keV) energy range of the instrument, with a time resolution of 2 s, separately for each half of the LAC (four modules). The observational data consist of 46 separate intervals amounting to an e †ective exposure of 85,000 s.
The source is visible over the entire observation. Each 835 s X-ray pulse, with its single-peak structure, shows a high pulse-to-pulse variability. The intensity, in the energy interval 1.5È11.5 keV, ranges from about 15 counts s~1 at the minimum of the weakest pulse to about 600 counts s~1 at the maximum of the strongest pulse. The mean intensity in each background-subtracted pulse (averaged over 835 s) ranges from D55 counts s~1 to D200 counts s~1. The 1.5È 11.5 keV background-subtracted light curves of part of the observation are shown in the top panels of with a Figure 1 10 s time resolution. In the bottom panels of the same Ðgure, the spectral hardness ratio, deÐned as HR \ Ñux (4È 11.5 keV)/Ñux (1.5È4 keV), is shown as a function of time. As can be seen, some pulses show a signiÐcant spectral variation, involving a brief hardening episode at the minimum of the light curve and a weak hardening correlated with the maximum of the pulse proÐle. This feature is not present during every cycle and does not show any signiÐcant correlation with other parameters.
T iming Analysis
To derive the pulse period, the data set was folded modulo a series of trial periods around the period expected from literature. For each trial period, a s2 test was applied against the hypothesis of constant intensity and the period that maximized s2 was obtained. A pulse proÐle was P max then found by folding the data set on A template pulse P max . proÐle was derived from a least-squares Ðt of this folded data set to a polynomial. We then divided the entire observation into intervals of length and folded each inter-10P max val on the period From a cross-correlation of these P max . pulse proÐles with the template, we obtained a set of time delays, which were corrected to the solar system barycenter. Least-squares analysis then gave the best-Ðt pulse period as 836.78^0.03. This pulse period is shown in (P spin ) together with previous determinations by Figure 2 et al. and references therein), et Weisskopf (1984, Murakami al. and & Warwick (1987) , Robba (1989) . Secular changes in the pulse period of X Per show a spin-up trend at a rate of yr~1 during P0 /P \ [1.5 ] 10~4 the Ðrst 5 years since its discovery in 1972, followed by a spin-down phase at a rate of yr~1 during P0 /P \ 1.6 ] 10~4 the 6 years prior to our observation.
Spectral Analysis
The large e †ective area of the LAC detectors provides a spectrum of good statistical quality, which allows strong constraints on the spectral model to be obtained. We Ðnd that the pulse-averaged spectrum is well Ðtted, in the energy interval 2È15 keV, by a power-law continuum with a highenergy cuto † and low-energy photoelectric absorption. In addition, as shown in a tail is present upward of 15 Figure 3 , keV. The spectral parameter values are shown in Table 1 . The data show no evidence of an iron line.
To investigate the pulse phase dependence of the spectrum, we folded the data on in the energy intervals P spin
Result of spectral Ðt of pulse-averaged spectrum, using a power law plus high-energy cuto † model and low-energy absorption. Bottom : Residuals from the Ðt.
1.5È4 and 4È11.5 keV and calculated the corresponding phase-dependent hardness ratio. The results are shown in
The hardness ratio shows, with improved sta- Figure 4 . tistical signiÐcance, the sharp hardening episode at pulse minimum already observed from the analysis of each pulse proÐle (see and two brief episodes of spectral soften- Fig. 1 ), ing just before and after this hard spike. To investigate further this pulse phase dependence, we computed the average spectra integrated over the phase intervals H (bins 51È53), S (bins 54È67), and M (bins 1È34) (as shown in Fig.  4 ) and divided the spectra obtained in H and S with that obtained in M. The spectral ratios indicate that the hardening episode reÑects a global hardening of the spectrum, while the softening episodes can be basically ascribed to a global softening, although a soft excess below 5 keV (probably due to reduced photoelectric absorption) is evident (Figs. and 5a 5b). In order to obtain quantitative information, we Ðtted the spectra H, S, and M with the power law used above for the pulse-averaged spectrum. Considering that spectra H and S have low statistics, only the photoelectric absorption and photon index were left as free parameters, while the cuto † and e-folding energy were Ðxed at the values obtained for the pulse-averaged spectrum. The results are shown in Spectrum H shows, with respect to spectrum M, Table 2 . variation only of the photon index, while the values of the photoelectric absorption are consistent within the errors. Spectrum S, with respect to spectrum M, shows variation of both the photon index and the photoelectric absorption.
DISCUSSION
Several X-ray pulsars show spectral variations modulated on the pulse period. This behavior is evident in the phase-dependent hardness ratio, with brief episodes of spectral hardening near pulse maximum observed for some sources (e.g., Her X-1 ; Pravdo et al. In general, 1977 In general, , 1978 . this phenomenon can be understood in terms of "" pencil ÏÏ beamed emission, in which the mechanism responsible for the hardening episode is photoelectric absorption by material in the accretion column The observed X Per time-averaged hardness ratio (see exhibits a radically di †erent behavior. Here the hard- Fig. 4 ) ening episode observed near pulse minimum is difficult to understand in terms of a pencil beam. In order to explain the shape of the observed hardness ratio, we have investigated the possible geometry of the emission region of X Per. We show how fan emission from a hollow accretion column with a hard X-rayÈemitting ring close to the stellar surface can reproduce the complex shape of the observed hardness ratio.
The problem of accretion onto a magnetic neutron star has been investigated by several authors. The physical processes that drive the accretion of matter near the neutron star (NS) crust (where most of the potential energy is released in the form of X-rays) depend mainly on the accretion rate and on the magnetic Ðeld strength near the NS M 0 surface
The degenerate nature of the NS component B s . allows the deduction of the accretion rate from the X-ray luminosity. In fact, the NSs occupy a narrow range of masses and radii, almost Ðxing the speciÐc energy release of the accreting material (efficiency) to D10% of its rest mass energy. Schematically, some of the theoretical predictions about the dependence of the emission region structure on the X-ray luminosity are the following : ergs s~1.ÈHere the emission region has the 3. L X D 1036 form of a short slab in which plasma is stopped primarily by coulomb collisions, and pencil emission is expected. The presence of small dips corresponding to the pulse maximum in the pulse proÐle (notches) are associated with pencil-like emission et al. (Me sza ros  1983 ). ergs s~1.ÈIf the plasma is stopped by a 4. L X ¹ 1035 collisionless shock, the height of the accretion column is comparable with the NS radius ; in this case, the emission probably has a fan character & Rappaport If (Langer 1982) . a collisionless shock is not present, the stopping mechanism is the same as for the ergs s~1 case above. For L X D 1036 low Ðelds (B ¹ 9 ] 1012 G), the emission results from a superposition of a broadband nonthermal component with a strong cuto † just below the cyclotron energy, and a lower energy thermal component. Depending on the degree of comptonization, this nonthermal component can have a power-law character or a cyclotron emission-line structure. For B [ 9 ] 1012 G, the resulting emission is not very different from a nonmagnetic atmosphere that emits optically thin bremsstrahlung Salpeter, & Wasserman (Nelson, 1993 ; et al. Nelson 1995) .
It is noted further by & Welter that asymWang (1981) metries in the accretion column could be induced by rotational e †ects. In particular, any di †erence between the angular speed of the star and the plasma at the threading radius can enhance the plasma density toward the leading or the trailing side of the accretion funnel.
The above picture is certainly incomplete and is far from being secure. Several sources show characteristics that do not Ðt in the overall theoretical scheme. However, within the framework of these theoretical arguments a number of attempts have been made to analyze and model the pulse proÐles of the X-ray pulsators (see, e.g., & Welter Wang et al. and, more recently, et al. 1981 ; White 1983 ; Clark Bulik et al. 1990 ; 1992 . Here we attempt to discuss the phase-dependent spectral properties of X Per in terms of the arguments laid out above. A number of conclusions can be made from the following points :
1. The pulse proÐle of X Per does not show any notch in the lower energy band (1.5È4 keV). Moreover, the computed phase-dependent hardness ratio does not show any signiÐcant hardening near the pulse maximum, as expected for pencil emission (see et al. This seems to Me sza ros 1983). indicate that pencil emission is unlikely.
2. The spectrum of X Per is peculiar among the X-ray pulsars. As mentioned in the spectra reported by several°2, authors are Ðtted by thermal bremsstrahlung plus a high- FIG. 6 .ÈSchematic representation of the emission region subdivided in bricks energy tail. This could imply that the emission region is optically thin.
3. The phase-dependent hardness ratio exhibits very complex behavior (see A sharp hardening episode is Fig. 4) . evident at pulse minimum with a narrow softening dip on either side. The phase-dependent spectral ratios show a genuine hardening of the whole spectrum at the minimum (although some photoelectric absorption is also present at energies below 4 keV) and a global softening just before and after the hardening episode.
Assuming, in line with (1) above, that fan emission is more likely in X Per, and taking into account that is well L X below 1036 ergs s~1, we are inclined to believe that a collisionless shock is present in the accretion column of this source. Otherwise, if a collisionless shock does not form, ergs s~1 implies pencil emission for X Per with L X \ 1035 the resulting problems in interpreting the time-averaged hardness ratio. The implied accretion rate of X Per is so low that the height of the shock above the neutron star surface (deÐned by the radial coordinate z) is more than a stellar radius. In the uppermost part of this extended structure magnetic e †ects on the radiation processes (z Z R NS ), become less important. It is then possible to consider the accretion column as a hollow cone extending a few stellar radii above the neutron star. The height of the cone is (z max ) deÐned by the location of the collisionless shock. Above the shock, the matter is in free fall ; below it is denser and sinks slowly toward the stellar surface. In the upper part of the cone the main radiation process is thermal (z max Z z Z R NS ), bremsstrahlung, in line with some spectral Ðts. The temperature and density of the postshock plasma increase toward the bottom of the cone as the plasma releases a substantial fraction of its total gravitational potential energy. For most of this zone, and to allow q A ? 1 q M > 1 optically thin fan emission. In the lower regions of the cone cyclotron emission is dominant. Due to the large (z [ R NS ), resonant cross section, the emission is probably blackbodylike and could be associated with the high-energy tail evident in some spectral Ðts.
In order to show that an accretion column of the type just described can explain the qualitative features of the observed pulse proÐles and hardness ratio, we present a toy model of the accretion cone and the blackbody-like region. Assuming that the inclination angle of the magnetic axis with respect to the neutron star spin axis (m) and the system inclination angle (i) are roughly equal, the fan emission character of the bremsstrahlung component implies that Ñux minimum occurs when the observerÏs line of sight is close to the magnetic axis. However, at this point the Ñux from the blackbody-like region is at a maximum because of the combined e †ects of the large opening angle of the cone, the variation in the magnetic Ðeld strength over the cone walls, and the absorption due to the cone walls. This results naturally in a hardening episode near pulse minimum, as observed. It is possible to demonstrate this geometrical property of the accretion cone structure, including shadowing e †ects of the neutron star body via a simple numerical simulation of the pulse proÐle. To e †ect the simulations, the bulk of the cone was divided into rings of "" bricks ÏÏ (see Fig. 6 ). This region was assumed arbitrarily to extend from z \ to Each brick is characterized by a 0.5R NS z \ 4R NS . density, a temperature, and two optical depths and q A q M computed as along and perpendicular to the cone / n e p T dx walls, respectively, where is the electron density and is n e p T the Thomson cross section. For a given z, the mean perpendicular optical depth is derived from the average path length of the annulus resulting from the cone cross section. Depending on the position of the brick in the cone and on the angle between the brick axis and the line of sight, the optical depth was computed from the approximate expression as q(z, cos2 sin2 h. The density and h) \ q A (z) h ] q M (z) the temperature proÐles were assumed, for simplicity, to be linear in this toy model. The temperature ranges from D10 keV at the bottom of the cone to D3 keV at the top, while the density ranges from D0.4 ] 1019 cm~3 at the bottom to D0.4 ] 1018 cm~3 at the top. The visible Ñux from each brick was computed in two adjacent energy bands, 0È4 keV and 4ÈO keV, from the thermal bremsstrahlung emission function at the appropriate brick temperature. For the base of the cone, we assumed blackbody-like emisz \ 0.5R NS , sion, corresponding to the optically thick cyclotron emission region discussed above. The emission from the inner walls is visible when the angle between the line of sight and the magnetic axis is less than the opening half-angle of the cone, while the external walls are visible in the opposite case. The emission from this zone was added to the hard energy band, as keV. The intensity of this region hl D 12B 12 (as a fraction of the total cone emission) was adjusted to reproduce the observed hardness ratio. A Ðnal assumption was made on the azimuthal distribution of the plasma around the cone. In order to reproduce the bump visible at phase 0.5 of the pulse proÐle (see it was assumed that Fig. 4) , the leading side of the cone is thicker (i.e., sweeps up more matter in the coupling region) than the trailing side, a possibility outlined above. This asymmetry in the emission along the sides of the cone produces structures similar to the observed bump in the light curve as well as the asymmetry in the depth of the two softening episodes in the hardness ratio curve. The external and internal opening half-angles of the cone were D30¡ and D21¡, respectively. This results in a structure that is optically thick along the walls and optically thin in a direction perpendicular to the walls. The total thermal bremsstrahlung luminosity of each cone was D1033 ergs s~1. The magnetic axis and the line-of-sight inclination were assumed to be D30¡ and D40¡, respectively, in line with our hypothesis that at the minimum of the light curve we are viewing the cone close to the magnetic axis. The pulse proÐle in the energy band 0ÈO keV and the phasemodulated hardness ratio of this toy model are shown in Figure 7 .
CONCLUSION
We analyzed the Ginga observation of X Persei from 1990 January 26 to January 29. From the timing analysis, we found that the source is still in the spin-down state as observed in the last 6 years. The spectral analysis showed that the spectrum is well Ðtted by a power law with a highenergy cuto †. A hard tail is marginally present upward from D15 keV, and the data show no evidence of an iron line. The large e †ective area of the Ginga detectors provides good statistics, allowing the computation of a phaseaveraged hardness ratio that showed, with better statistical evidence, the sharp hardening episode at the pulse minimum observed previously by some authors, and two softening episodes just before and after this hard spike. In order to explain the observed shapes of the pulse proÐle and the hardness ratio, we investigated a simple model for the emitting region of X Persei. An accretion column in which the plasma is stopped in a collisionless shock a few neutron star radii above the stellar surface, with resulting fan type, optically thin bremsstrahlung emission, and blackbody-like cyclotron emission near the base of the structure, is able to explain the qualitative features of the observed pulse proÐle and hardness ratio.
